Sickle cell anemia is a common genetic disorder in African Americans. Opioid analgesics are traditionally the treatment for the severe pain associated with this disease. Here we reveal that the opioid antagonist naloxone possesses potent analgesic activity in two transgenic mouse models of sickle cell anemia (NY1DD and hBERK1) and not in their respective controls (ICR-CD1 and C57BL/ 6J) when administered by three parenteral routes [intracerebroventricular (i.c.v.), intrathecal, and subcutaneous]. In the NY1DD mice, naloxone (i.c.v.) possessed Ϸ300-fold greater potency than morphine (i.c.v.). Other opioid antagonists (naltrexone, norbinaltorphimine, and naltrindole) were substantially less effective in producing analgesia. Naloxone and morphine were synergistic in NY1DD mice, suggesting different receptor systems. Microarray analysis suggested naloxone-induced down-regulation of the CC chemokine receptor (CCR)5 in NY1DD mice but not in control mice. Pretreatment of control mice with CC chemokine ligand 5 [CCL5 (RANTES)] enabled naloxone to produce analgesia similar to that observed in NY1DD mice. Mu opioid receptor knockout mice treated similarly also displayed analgesia. That the effect of CCL5 was specifically related to CCR5 and/or CCR1 activation was demonstrated by antagonism of analgesia with the chemokine antagonist methionylated RANTES. Similar antagonism of naloxoneinduced analgesia also was observed when NY1DD mice were pretreated with methionylated RANTES. These results indicate that CCR5/CCR1 receptors are directly or indirectly involved in analgesia produced by naloxone. The present study suggests that naloxone may be clinically useful in the treatment of pain associated with sickle cell disease and other disorders involving inflammation.
chemokines ͉ microarray ͉ opioid antagonist S ickle cell disease is the most common genetic disorder in African Americans, affecting 1 in 400, and 8% are carriers of the gene having the sickle cell trait (1) . On a global scale, a quarter of a million babies are diagnosed with this illness every year. The pathophysiology of this disease is due to a point mutation in hemoglobin that gives rise to sickling of erythrocytes resulting from the polymerization of hemoglobin S. Sickling plays a significant role in promoting vasoocclusive events that lead to ischemia-induced inflammation and pain (2, 3) . Sickle cell patients who have had surgery describe the pain associated with their disease as more severe than postoperative pain.
Sickle cell disease is characterized by increased inflammation and infection arising from severe microvascular occlusive crises. Chemokines and their receptors have been implicated in the development of vascular inflammatory disorders, and, in this regard, higher levels of proinflammatory cytokines and chemokines have been reported to be present in patients with sickle cell disease (4) (5) (6) .
Opioid analgesics, most notably morphine, have been the mainstay for treatment of pain associated with this disease. However, adequate pain control has been problematic for several reasons, including tolerance, dependence, sedation, respiratory depression, nausea, constipation, and pruritus. Furthermore, because of the fear among many health professionals that patients will become addicted, many sickle cell patients in pain management are under-treated with opioids (1, 7, 8) .
Because pain associated with sickle cell disease clearly presents a therapeutic challenge that has not been adequately addressed, a new approach to pharmacotherapy is desirable. Here we describe the results of studies in sickle cell mutant mice that suggest a counterintuitive approach to pain pharmacotherapy for sickle cell disease that may obviate the central and peripheral side effects associated with morphine.
Results and Discussion
Age-Related Increase in Pain Sensitivity in NY1DD Mice. To evaluate the developmental progress of sickle cell disease, we measured tail-flick latency of NY1DD mice as a function of age. At 10 weeks of age NY1DD mice were found to have a tail-flick latency of 1.71 Ϯ 0.06 sec (mean Ϯ SE), which was substantially lower than 2.34 Ϯ 0.05 sec, observed for C57BL/6J control mice (P Ͻ 0.0001). The tail-flick latency did not change significantly at 10 weeks or later. The 0.63-sec difference in reaction time reflects a significant increase in sensitivity to the thermal noxious stimulus that might be equated with hyperalgesia. In this regard, hyperalgesia appeared to be a developmental phenomenon, because NY1DD mice at 6 weeks of age displayed no statistical difference in tail-flick latency from C57BL/6J control mice (2.24 Ϯ 0.06 vs. 2.38 Ϯ 0.09, P ϭ 0.25). In contrast, the control mice mean tail-flick latency remained constant (2.34 Ϯ 0.08) over the same time period. The increased sensitivity to pain in NY1DD mice is most likely attributable to ischemia-induced inflammation as a consequence of the progression of the disease. In view of these results, all experiments were carried out with transgenic mice that were 10 weeks or older.
Effect of Opioid Antagonists and Morphine on NY1DD and hBERK1
Mice. When NY1DD mice were treated with the opioid antagonist naloxone, we found that naloxone produced potent analgesia in the tail-flick assay by three parenteral routes of administration (Table 1) . In this regard, naloxone behaved like a full agonist with a potency nearly 300-fold greater than that of morphine by the intracerebroventricular (i.c.v.) route of administration. At a dose of 25 pmol, the peak effect of naloxone was 10 min with a 60-min duration. Significantly, 3-week-old NY1DD mice exhibited only 12% analgesia, which increased to 70% at 9 weeks. These data parallel the tail-flick latency time, which reached a plateau at 10 weeks. In contrast, naloxone administered to either ICR-CD1 or C57BL/6J control mice exhibited no analgesic effect in the same dose range. To eliminate the possibility that this effect was an aberrant response or a strainspecific effect, a second transgenic sickle cell strain of mice, hBERK1, was tested. In this case, naloxone administered i.c.v. produced analgesia that was Ϸ130 times more potent than that of morphine.
Because the analgesic potency of naloxone differed only by a factor of three in the brain relative to the spinal cord of NY1DD mice (Table 1) , it is possible that the same receptors mediate both the response in the cord and the brain. These data suggest that the potent analgesia elicited by naloxone is a feature associated with these transgenic mouse models of sickle cell anemia.
Naloxone is known to produce divergent effects as a function of dose. Thus, although hyperalgesia is known to occur at doses that effectively antagonize opioids, there are reports of paradoxical effects characterized by analgesia at low doses and hyperalgesia in the high-dose range (9) (10) (11) (12) . However, because we found that identical doses of naloxone produced potent analgesia in only the transgenic mouse, it would appear that the analgesic effect is modulated by the pathophysiology associated with the disease. Binding studies of [ 3 H]naloxone to brain membranes from NY1DD mice were carried out to determine whether there are substantial differences in K d or B max for naloxone to account for its analgesic effect. The finding that the binding data for [ 3 H]naloxone in C57BL/6J control vs. NY1DD mice exhibited no dramatic differences in K d (20.8 vs. 10.5 nM) or B max (49.1 vs. 44.6 fmol per nanogram of protein) suggests the potent analgesic activity of naloxone in NY1DD mice is not related to a significant change in the affinity or number of target receptors relative to wild-type mice.
In contrast to i.c.v. administration, the intrathecal (i.t.) and s.c. analgesic potencies of morphine did not differ significantly from those of naloxone (Table 1) . In this regard, the analgesic ED 50 values of morphine in NY1DD mice were in the same range as the C57BL/6J controls when administered either by i.c.v., i.t., or s.c. routes (Table 2 ). The order of potency was i.t. Ͼ i.c.v. Ͼ Ͼ s.c., with the i.t. potency of morphine greater than that of i.c.v. by a factor of 25-to 100-fold. This differed from that of naloxone, which showed a 3-fold greater potency of i.c.v. over i.t. administration. The inverse i.t./i.c.v. potency ratios for naloxone vs. morphine may reflect their interaction with different receptor systems.
Other opioid antagonists produced analgesia in NY1DD mice, but these agonists were substantially less effective than naloxone and had a slower onset of action. Naltrexone, an antagonist known to be more potent than naloxone, gave a partial agonist response (33%, 8 nmol i.c.v.). The delta-selective opioid antagonist naltrindole (13) also produced partial agonism (10%, at 2.5 nmol per mouse). The selective kappa opioid antagonist norbinaltorphimine (14) had a 1-h peak effect and an Ϸ500-fold lower potency [ED 50 ϭ 1.55 (1.14-2.25) nmol per mouse i.c.v.] than that of naloxone. The 6-h peak effect of norbinaltorphimine [ED 50 ϭ 0.46 (0.46-1.66) nmol per mouse] by the i.t. route suggests that the primary site of action was not the spinal cord. Under the same conditions, these antagonists were inactive in control mice. The results of these experiments suggested that naloxone was not mediating significant analgesic activity via kappa or delta opioid receptors. Moreover, the greatly superior analgesic potency of naloxone over norbinaltorphimine, naltrindole, and naltrexone underscores its uniqueness among the opioid antagonists and suggests a possible nonopioid mechanism for its action.
In view of our results showing naloxone to possess high analgesic potency in NY1DD mice, we conducted studies to determine whether or not analgesic synergism exists between naloxone and morphine. The equieffective ratio for naloxone/ morphine used was 1:300 (based on the morphine/naloxone ratio of ED 50 values) to calculate and to determine the observed ED 50 (15, 16) . The observed ED 50 for the combination was 0.75 nmol per mouse (0.70-0.81), whereas the theoretical ED 50 based on an additive effect was 2.04 nmol per mouse (17) . The results of this study revealed that naloxone and morphine combinations produce synergism of analgesia in the NY1DD mouse (Fig. 1) . The synergism suggests that naloxone and morphine produce analgesia in the NY1DD mouse via different receptor systems (16) . Among the numerous possibilities that could give rise to synergism are the existence of chemokine/opioid heterodimeric receptors (18, 19) , which may selectively recognize naloxone in Naloxone and morphine tail-flick response was measured at the time of peak analgesic activity (10, 10, and 30 min, respectively). Values for morphine apply only to NY1DD mice. The ED50 values were calculated by using a parallel line multiple regression assay. The individual values are based on the number of positive responses per total number of mice from three to four different doses of morphine.
transgenic mice with sickle cell anemia, and the interaction of naloxone with different up-regulated neuronal pathways that modulate pain (20) (21) (22) .
Interaction of Naloxone with Chemokines. To gain insight into the mode of action of naloxone as an analgesic we conducted cDNA microarray analyses of brains from NY1DD and C57BL/6J mice. Mice were pretreated with 25 pmol of naloxone or saline 10 min before their brains were harvested and flash-frozen in liquid nitrogen. The mouse BMAP cDNA microarrays (University of Minnesota) contain 11,592 unique expressed-sequence tags representing 11,532 genes. The images were processed by using GENEPIX PRO (Axon Laboratories, Union City, CA), and normalizations and other analyses were performed by using GENEPRING 7.0 (Agilent Technologies, Palo Alto, CA). The results were deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) repository (www. ncbi.nlm.nih.gov/projects/geo).
Significantly, the CC chemokine receptor (CCR)5 chemokine receptor mRNA was down-regulated by naloxone in NY1DD mice but not in C57BL/6J mice. It has been previously shown that morphine up-regulates CCR5 expression (23), whereas CCR5 receptor agonists down-regulate its expression (24, 25) . The down-regulation of the CCR5, which could be a consequence of naloxone-induced activation, presents several mechanistic scenarios that include the interaction of naloxone with opioid/ chemokine heterodimeric receptors (18) or direct interaction of naloxone with the CCR5 receptor.
Given that the microarray studies implicated the possible involvement of naloxone with the chemokine receptors in NY1DD mice, we pretreated control mice (ICR-CD1 and C57BL/6J) i.c.v. with the chemokine receptor agonist murine RANTES [CC chemokine ligand (CCL)5] for 20 min before administration of 25 pmol of naloxone (i.c.v.) to peak at the same time. RANTES is known to interact mainly with CCR1 and CCR5 (26, 27) . Under these conditions, naloxone was transformed to an analgesic with potency comparable with that observed in NY1DD mice (Fig. 2) . The analgesia was dosedependent, because increasing doses of CCL5 produced corresponding increases in the analgesic effect of naloxone.
When C57BL/6J mice were pretreated under identical conditions with CCL5 and then administered morphine, decreased analgesia as a function of increasing dose of CCL5 was observed (Fig. 3) . This observation was presumably attributable to crossdesensitization between CCR5 and mu opioid receptors (18, 28, 29) . To further test the involvement of the chemokine receptors, the chemokine antagonist methionylated RANTES (Met-RANTES), selective for CCR1 and CCR5, was administered (50 ng per mouse) 2 h before naloxone in NY1DD mice. This dose reduced analgesia in NY1DD mice from 80% to 9%. Met-RANTES also blocked the effect of CCL5 in suppressing morphine analgesia. These results suggested a fundamental difference between the receptor systems activated by morphine and naloxone in producing analgesia.
To determine whether the mu opioid receptors that mediate morphine analgesia were involved in the analgesic effect of naloxone, mu receptor knockout mice were used (30) . These knockout mice were pretreated with CCL5 and then administered naloxone in a manner identical to that used with C57BL/6J mice. Under these conditions, the knockout mice displayed naloxone-induced analgesia that was indistinguishable from C57BL/6J mice. In view of these results, it appears that mu receptors are not involved in mediating naloxone analgesia in NY1DD and CCL5-pretreated mice. These results support our synergism studies, which suggest that naloxone and morphine activate different receptor systems. Moreover, given the inability of the delta and kappa opioid antagonists naltrindole and norbinaltorphimine to produce potent analgesia in either Fig. 1 . Synergism of naloxone and morphine in the NY1DD mice. Naloxone in the presence of morphine (OE) was 5.73 times (95% confidence interval, 4.62-7.11) more potent than naloxone alone (■), whereas morphine in the presence of naloxone (F) was 4.86 times (95% confidence interval, 2.04 -9.12) more potent than morphine alone (). NY1DD mice or CCL5-pretreated control mice, it is possible that neither delta nor kappa opioid receptors are involved in the analgesic action of naloxone.
The data suggest that naloxone and CCL5 target a receptor system that contains a CCR, possibly CCR5 or CCR1. The obligate participation of both naloxone and CCL5 for potent analgesia and the microarray data that revealed naloxoneinduced down-regulation of CCR5 in NY1DD mouse brain suggest that naloxone functions as an analgesic by interacting with an unknown target (a ''naloxone receptor'') that is heterodimerized with CCR5 or CCR1 and that both the naloxone receptor and the chemokine receptor in this complex must both be occupied to effect a potent analgesic response. The reports of heterodimerization of CCRs and the dimerization induced by CCL5 (27) are in keeping with this model. Further investigation is required to determine the identity of such a receptor.
Conclusions
The unusual ability of the pure opioid antagonist naloxone to function as a potent analgesic in transgenic mouse models of sickle cell anemia and in control mice treated with CCL5 implicates chemokine receptors in mediating this effect. The finding that the CCR1/CCR5 antagonist Met-RANTES was capable of antagonizing naloxone-induced analgesia in both NY1DD and CCL5-pretreated control mice supported the involvement of chemokine receptors. Because the analgesic effect of naloxone in CCL5-pretreated mu opioid receptor knockout mice was not significantly different from pretreated control mice, it appears that the mu opioid system is not involved.
The key role of the chemokine system in the CNS has only recently been appreciated, and, in this connection, chemokines have been suggested to be endogenous regulators of opioid analgesia and tolerance (28, 31) . In view of the involvement of chemokines in a variety of inflammatory diseases, the results of the present study suggest that naloxone may be clinically useful as an analgesic in the treatment of pain associated with sickle cell disease and other diseases involving chronic inflammation (11, 12, 32) . The absence of morphine-like central side effects of naloxone may offer a superior approach for the treatment of pain in such conditions.
Materials and Methods
Mice. All experimental animals were housed in groups of 4-10 in a temperature-and humidity-controlled environment. Animals were maintained on a 12-h light/dark cycle and had unlimited access to food and water. The six types of male mice studied were ICR-CD1 (Harlan Sprague, Madison, WI); wild-type controls: C57BL/6J (The Jackson Laboratory, Bar Harbor, ME); and the transgenic mouse models of sickle cell anemia: NY1DD, hBERK1, and HbA-BERK controls (Robert Hebbel, University of Minnesota) (33) (34) (35) and MORKO (gift from Sabita Roy, University of Minnesota) (30) . Briefly, NY1DD mice having a C57BL/6J background are homozygous for deletion of the murine beta major globin and carry a single copy of linked transgenes for human alpha and beta S globins; C57BL/6J wild-type mice were used as controls. hBERK1 sickle mice have a mixed genetic background, are homozygous for knockout of murine alpha globin, heterozygous for knockout of murine beta globin, and carry a single copy of linked transgenes for human alpha and beta S globins; controls are HbA-BERK mice, which have the same mixed genetic background but express normal human hemoglobin rather than sickle cell hemoglobin. Animals were studied at 10-12 weeks of age. In the time-course study, the mice were 6-10 weeks of age. All experiments were approved by the Institutional of Animal Care and Use Committee of the University of Minnesota.
Analgesic Testing. Antinociception was measured by using the modified radiant heat tail-flick test (36) . Briefly, a radiant heat source was applied to the dorsal side of the tail, and the latency to flick away from the heat source was recorded. The average latency period for the tail to flick in the control mice is 2-3 sec. The data were made quantal by designating a positive antinociceptive response of an animal as those that increased their latency to tail flick (after drug treatment) by at least three standard deviations above the mean of the baseline latency of the whole group (37) . The test is stopped manually at a maximum of 4 sec, which is normally greater than the three standard deviations required for positive antinociception. At least three groups of 8-10 mice were used for each drug paradigm, and each mouse was used only once. ED 50 values and 95% confidence intervals were calculated by using the parallel line assay (38) . When ED 50 values were compared, all of the data were analyzed together, and values with separate 95% confidence intervals at P Ͻ 0.05 were considered significantly different. (39, 40) . All drug injections were timed so that they all reached their peak effect at the final endpoint.
Synergism. The doses for the synergism studies were calculated with the assistance of Carolyn Fairbanks (15) . Briefly, a prestock solution of naloxone and morphine was made based on the ED 50 values (naloxone, 0.014 nmol; morphine, 3.95 nmol). From the prestock solution, the other dilutions were made as follows (naloxone/morphine): 0.75:225; 1.5:450; 3:900; and 6:1,800. The naloxone portion plotted separately is labeled as naloxone in the presence of morphine, and the morphine portion plotted separately is labeled as morphine in the presence of naloxone. An interaction was considered synergistic if the observed combined ED 50 value was significantly less (95% confidence intervals did not overlap) than the calculated theoretical additive combined ED 50 value (16, 17) .
Binding Studies. Brains from three control or sickle-cell-affected mice were removed, and the cerebellum was dissected away and discarded. The brains from each group were pooled and homogenized (Polytron homogenizer at setting 4 for 20 sec; Brinkmann, Westbury, NY) in 10ϫ (wt/vol) ice-cold Hepes buffer (0.25 mM, pH 7.4). The homogenate was centrifuged at 27,000 ϫ g for 15 min (4°C). The supernatant discarded, and the pellet was resuspended in 20ϫ (wt/vol) ice-cold buffer and put on ice for 90 min to exhaust endogenous opiate sources. The suspension was then centrifuged as above, and the supernatant was discarded, and the pellet was resuspended in 10ϫ (wt/vol) ice-cold buffer. This procedure was repeated three times. The final pellet was resuspended in enough buffer to make a 2% (wt/vol) solution, which was used in the experiments. For binding experiments, [ 3 H]naloxone was added in various concentrations; Hepes buffer was added to make a final volume of 0.100 ml. To this mixture, 0.400 ml of the homogenate suspension was added. All concentrations were performed in triplicate. Nonspecific binding was measured by using 10 M naloxone. Tubes were then incubated at room temperature for 90 min and filtered by using a harvestor (Brandel, Gaithersburg, MD) and GF/C filter paper (Whatman, Florham Park, NJ) presoaked in 0.25% polyethylenimine in water. Filter papers were then placed in scin-
